Mechanical or chemical injury to adult rat brain elicited the accumulation in the affected area of trophic activity for cultured parasympathetic, sympathetic, and sensory neurons. Neuronotrophic activity was relatively low both in noninjured brain tissue extracts and in extracts prepared from the tissue surrounding an injury immediately after the lesion was made. However, trophic titers increased considerably over time, first in the brain tissue that formed the walls of the wound and then in the Gelfoam filling the wound cavity. In the tissue adjacent to the injury, trophic titers began to rise immediately after the lesion, reached a maximum 10 days later, and decayed thereafter. In the wound cavity, occupied by Gelfoam, neuronotrophic activity began to increase 6 days postlesion, reached a maximum at day 16 after injury, and decreased at later times. The levels of induced trophic activity appeared to be proportional to the size of the wound. Injury to various brain areas including temporal, entorhinal, occipital, parietal, and frontal co&ices, hippocampus, corpus striatum, and cerebellum, all induced a similar increase in neuronotrophic factor(s). Damage to the myelinated fibers of the corpus callosum did not. High trophic titers decayed rapidly with distance from the wound except in areas heavily deafferented by the lesion, where activity also reached high levels. Extracts from all of the above-mentioned brain areas contained toxic activity for cultured spinal cord neurons. The level of neuronotoxic activity was similar both before the lesion and 15 days postlesion, with the possible exception of the corpus callosum. Intraventricular injections of kainic acid at doses which destroy areas CA4, CA3, and part of CA1 of the hippocampus also induced a time-dependent rise of neuronotrophic activity in this structure, comparable to that achieved by mechanical damage. Both kainic acid treatment and mechanical injury cause extensive glial proliferation in the injured and/or deafferented area. The apparent concurrence of glial reaction and increase in neuronotrophic activity suggests that glial cells may be a major source of the induced trophic activity.
Abstract
Mechanical or chemical injury to adult rat brain elicited the accumulation in the affected area of trophic activity for cultured parasympathetic, sympathetic, and sensory neurons. Neuronotrophic activity was relatively low both in noninjured brain tissue extracts and in extracts prepared from the tissue surrounding an injury immediately after the lesion was made. However, trophic titers increased considerably over time, first in the brain tissue that formed the walls of the wound and then in the Gelfoam filling the wound cavity. In the tissue adjacent to the injury, trophic titers began to rise immediately after the lesion, reached a maximum 10 days later, and decayed thereafter. In the wound cavity, occupied by Gelfoam, neuronotrophic activity began to increase 6 days postlesion, reached a maximum at day 16 after injury, and decreased at later times. The levels of induced trophic activity appeared to be proportional to the size of the wound. Injury to various brain areas including temporal, entorhinal, occipital, parietal, and frontal co&ices, hippocampus, corpus striatum, and cerebellum, all induced a similar increase in neuronotrophic factor(s). Damage to the myelinated fibers of the corpus callosum did not. High trophic titers decayed rapidly with distance from the wound except in areas heavily deafferented by the lesion, where activity also reached high levels. Extracts from all of the above-mentioned brain areas contained toxic activity for cultured spinal cord neurons. The level of neuronotoxic activity was similar both before the lesion and 15 days postlesion, with the possible exception of the corpus callosum. Intraventricular injections of kainic acid at doses which destroy areas CA4, CA3, and part of CA1 of the hippocampus also induced a time-dependent rise of neuronotrophic activity in this structure, comparable to that achieved by mechanical damage. Both kainic acid treatment and mechanical injury cause extensive glial proliferation in the injured and/or deafferented area. The apparent concurrence of glial reaction and increase in neuronotrophic activity suggests that glial cells may be a major source of the induced trophic activity.
As an in uiuo correlate of cell culture data, the survival of striatal transplants into host cortical wounds was examined. Fragments of embryonic corpus striatum did not survive when transplanted into a freshly made cavity in the entorhinal/occipital cortex of adult rats. Survival was enhanced by introducing a delay between the time at which the wound cavity was made and that at which the striatal tissue was implanted in it. The delay period for optimal implant survival coincided with the time at which neuronotrophic activity in extracts of the tissue surrounding the wound was maximal. The relative contributions of injury-induced trophic factor(s) and other critical variables to the enhanced survival of the implants are discussed.
Serious injury to the adult central nervous system fected by the lesion and the destruction of the connec-(CNS) results in the death of the neurons directly af-tions in which they are involved. As a sequel to the injury, a second group of neurons dies at a later time, Nieto-Sampedro et al. Vol. 3, No. 11, Nov. 1983 probably as a consequence of axotomy, deafferentation, and/or ischemia. The circuitry lost through injury is partly replaced by a massive sprouting response of nondamaged axons during the evoked process of reactive synaptogenesis Cotman et al., 1981) . However, the molecular mechanisms that determine the survival or death of axotomized neurons as well as those that mediate the sprouting of both damaged and undamaged axons are unknown. When large numbers of neurons are lost and major pathways are interrupted, damage repair depends on external intervention. Recently, the potential utility of transplants of donor CNS tissue, both to replace the neurons lost and as relay stations for regenerating host axons, has become evident. However, for implants to be useful in these capacities it is necessary to optimize their survival in the host CNS, a problem that has not been solved so far.
Recent work from our laboratories has shown that injury to both peripheral and central nervous tissue causes the appearance at the lesion site of substances capable of promoting the survival in culture of a variety of neuronal types of peripheral and central origin (NietoSampedro et al., 1982b; Lundborg et al., 1982; Manthorpe et al., 1983; Longo et al., 1983) . In the developing brain, the increase with time in trophic activity at the lesion site parallels the enhancement of implant survival observed when fragments of embryonic brain are implanted at various times after the wound cavity is made. In this paper we report that mechanical or chemical damage to the adult rat CNS also induces appearance of neuronotrophic activity at the injury site. The induced neuronotrophic activity correlates with the enhanced survival of striatal fragments implanted in the injury area and points to ways of optimizing survival of implants in adult CNS.
Materials and Methods
Surgery and histology. The experimental subjects were young adult (60 to 90 days old) Sprague-Dawley male rats purchased from Simonsen Laboratories (Gilroy, CA) or bred and raised in the vivarium facilities of the university. All operations were carried out under sodium pentobarbital (Nembutal) anesthesia (50 mg/kg). Mechanical wounds were inflicted by vacuum aspiration of about 10 mm' (small wound) or 30 mm3 (standard wound volume) of the desired brain area. When that area was located beneath the neocortex (i.e., corpus striatum, hippocampus, corpus callosum), then an area of about 10 mm2 of overlying cortex was also ablated. The wound cavity was filled with Gelfoam (The Upjohn Co., Kalamazoo, MI) moistened in sterile physiological saline (American McGaw, Irvine, CA). After the desired period postlesion the animals in each group (three to six rats per group) were anesthetized with ether and killed by decapitation, and Gelfoam fragments and relevant brain tissue were removed and pooled separately. Fragments of Gelfoam collected 1 to 2 hr postoperation were denominated "time zero" Gelfoam. Time zero brain tissue samples were collected from the relevant brain areas of nonoperated animals. All other samples were obtained at the postlesion times indicated in the text. Neuronotrophic activity was assayed on extracts prepared from tissue or Gelfoam as described below. In a parallel study we also determined the activity that appeared in the Gelfoam in the interval between various postlesion times; i.e., between days 1 and 4, days 3 to 6, etc. To sample, for instance, the trophic activity released between days 3 and 6 postlesion, the Gelfoam implanted at the time of the lesion (day 0) was removed under ether anesthesia at day 3 and a fresh Gelfoam fragment was placed in the cavity. This second Gelfoam fragment was retrieved at day 6 postlesion and was used to measure the neuronotrophic factors secreted in the interval between 3 and 6 days.
Bilateral intraventricular injection of kainic acid (0.8 pg/ventricle; Nadler et al., 1978) and complete unilateral transection of the fimbria (Moore et al., 1971 ) were carried out as described previously (Nieto-Sampedro et al., 1982a) .
The surgical paradigm used for brain tissue transplantation was similar to that used for the study of the time course of trophic factor accumulation. A unilateral cavity of about 30 mm3 was aspirated in the cortex of adult rats to ablate part of the entorhinal cortex and transect the angular bundle exposing (but not damaging) the dorsal surface of the hippocampus. Although the occipital and temporal cortices were also damaged, this operation will be designated "entorhinal ablation." During the same operation the rats also received a complete unilateral fimbria transection, and both wounds were filled with saline-moistened Gelfoam. After the desired period of delay (0, 4, 8, 13, 16 , and 20 days) several small fragments (0.5 to 2 mm3 each; total tissue volume implanted, 6 to 9 mm3) of 18-day embryonic corpus striatum were placed in the entorhinal cavity below the Gelfoam, directly apposed to the dorsal surface of the host hippocampus. Each implanted group consisted of four to eight animals. Corpus striatum was selected as the grafted tissue because its survival in entorhinal wound cavities depended strongly on allowing a delay in implantation after making the receiving cavity . Thirty days after implantation the animals were perfused through the heart with saline followed by fixative (4% formaldehyde in saline solution). The brains were removed, postfixed in 2% formaldehyde (8 to 16 hr), and sectioned in a freezing microtome. Serial horizontal or coronal sections (40 to 50 pm) were stained for acetylcholinesterase (Naik, 1963) in the presence of inhibitors for nonspecific cholinesterase (Lewis and Cotman, 1980) , and alternate sections were counterstained with cresyl violet. The volume of surviving implanted tissue was estimated from its area in each serial section and the known number and thickness of the sections.
Preparation of neuronotrophic extracts. Gelfoam fragments (20 to 40 mm3) were removed from the relevant brain area within 5 min of the death of the animal and frozen at -76"C, as were samples of tissue adjacent to the wound (to a depth of 1 to 2 mm into the walls of the wound cavity), as well as tissue located far away from and unconnected to the damaged area. Tissue samples (20 to 60 mm3/animal) and Gelfoam were thawed and homogenized at 4°C in sterile PBS (25 IIIM sodium phosphate/0.15 M sodium chloride, pH 7.2) by 20 up and down strokes of a tight-fitting Teflon pestle in a PotterElvehjem homogenizer. The volume of PBS used for the homogenization was 100 pi/sample for Gelfoam fragments and twice their packed volume for brain tissue samples. The homogenates were centrifuged at 10,000 X g for 15 min, the supernatants (trophic extracts) were collected, and aliquots were stored at -76°C until assay. The extracts were then thawed, diluted at least lo-fold with culture medium (serum-supplemented, modified Eagle's basal medium as described by Varon et al., 1981) , and assayed in vitro for their ability to support neuron survival.
Assays for neuronotrophic and neuronotoxic activities.
Titration
of trophic activity in the extracts was carried out by a miniaturized procedure on the 6-mm-diameter wells of 96-well microtiter plates in a final volume of 100 ~1, as previously described (Manthorpe et al., 1981 . Each microwell received 50 ~1 of serially diluted test sample and 50 ~1 of neuronal cell suspension. Neuronal cell suspensions were derived from the following tissue dissociates: neonatal mouse dorsal root ganglion (mDRG; 40,000 cells/ml), day 11 chick embryo sympathetic ganglia (cSGl2; 40,000 cells/ml), day 8 chick embryo ciliary ganglion (cCG8; 40,000 cells/ml; Manthorpe et al., 1980; Varon et al., 1981) , and day 4 chick embryo spinal cord (cLC4; 20,000 cells/ml; Longo et al., 1982) . All assays included negative control cultures unsupported by exogenous factors, the survival values of which (usually less than 15% maximal survival) were subtracted from the experimental values, as well as positive control cultures supported by an excess of the relevant growth factor (final concentrations: 100 trophic units/ml of nerve growth factor for mDRG and cSG12; 100 units/ml of eye-derived ciliary neuronotrophic factor for cCG8; and 25% of RN22 schwannoma-conditioned medium for cLC4 cells) to determine maximal survival levels. One unit of trophic activity (1 TU) is defined as the activity that, when present in 1 ml of medium, allows 50% of the maximal possible neuronal survival (Manthorpe et al., 1980; Varon et al., 1981) .
A similar microassay was developed to measure neuronotoxic activity on cLC4 neurons and used here to determine the toxic activity for these cells present in Gelfoam or tissue extracts. Spinal cord neurons (1000 cLC4 cells/microwell), maximally supported with schwannoma-conditioned medium, were cultured for 24 hr with decreasing concentrations of test extract and the resulting survival values compared to those for maximally supported controls. One unit of neuronotoxic or survival-interfering activity (1 IU) is defined as the activity per milliliter of culture medium that reduces by 50% the 24-hr survival of maximally supported cLC4 cells . criticism; for example, induced trophic activity depends on the precise size of the wound (see "Results") and therefore measure i seems inadequate. The accuracy of measure ii depends on an accurate volume determination which, in turn, is influenced by the volume of air trapped by samples. The accuracy of measure iii can be jeopardized by blood contamination of both Gelfoam and tissue, mainly at the early time points, and be cell invasion of the Gelfoam at late time points. Both expressions ii and iii are directly influenced by the sampling process itself: dry Gelfoam samples can easily be cut to a desired volume, but it is rather more difficult to sample identical volumes of fresh brain tissue. By keeping as constant as possible the volume of the tissue removed to inflict the wound, the volume of Gelfoam filling the wound cavity, and the volume of tissue sample dissected, similar time course curves were obtained from the values derived from all three expressions. We have used expression ii throughout the paper.
Protein determination. Protein content was estimated as described by Bradford (1976) using bovine serum albumin as standard.
Reagents. Eagle's basal medium (powdered form) and fetal calf serum were purchased from Grand Island Biological Co. (Grand Island, NY), and trypsin was purchased from Calbiochem-Behring Corp. (San Diego, CA). Nerve growth factor, eye-derived ciliary neuronotrophic factor, and R22 schwannoma-conditioned medium were prepared according to previously published procedures (Varon et al., 1972 (Varon et al., , 1981 Manthorpe et al., 1980) . All other chemicals were analytical reagent grade or the best grade commercially available.
Results
Neuronotrophic activity in adult brain wounds. The level of trophic activity in wounds in the adult rat brain was examined at various intervals postlesion following ablation of about 30 mm3 of "entorhinal" (see "Materials and Methods") cortex. The time course of appearance of trophic activity in Gelfoam and brain tissue extracts was tested on three types (parasympathetic, sympathetic, and sensory) of ganglionic neurons (Fig. 1) . Specific neuronatrophic activity in the extracts was expressed as trophic units per cubic millimeter of originally packed Gelfoam or tissue, but similar curves were obtained if results were calculated as trophic units per milligram of protein or trophic units per wound. The volume and protein content of the pooled samples for each time point in Figure 1 are given in Table I to facilitate calculation of specific activity in alternative units.
The trophic activity found in Gelfoam extract 2 hr postlesion was negligible and remained very low during the first 4 days postlesion (Fig. 1) . It began to rise by day 6 postlesion and reached a maximum at day 16 after injury. The neuronal cell target specificity profile of the trophic activity in Gelfoam was similar to that found when injury was inflicted in neonatal rat brain (NietoSampedro et al., 1982b ; i.e., was most active for sympathetic ganglion cells (Fig. lb) and about one order of magnitude lower on ciliary and dorsal root ganglionic neurons (Fig. 1, a and c) .
In previous studies using neonatal animals (Nieto-2222 Nieto-Sampedro et al. Vol. 3, No. 11, Nov. 1983 50 c CSGII LPays Post-Lesi on Figure   1 . Time course of appearance of neuronotrophic activity after injury to the adult rat brain cortex. A unilateral cavity of about 30 mm3 was vacuum aspirated in the "entorhinal" (see "Materials and Methods") cortex and the wound was filled with a fragment of saline-moistened Gelfoam. At various times postlesion neuronotrophic activity was determined in extracts of: A--A, Gelfoam; O-O, the tissue immediately adjacent to the wound, i.e., that forming the walls of the wound cavity; O-O, contralateral frontal cortex (uninjured tissue, far away from and unconnected to the injured cortex). The test neurons were dissociated cultures of S-day chick embryo ciliary ganglia (cCG,), II-day chick embryo sympathetic ganglia (cSG,,), and neonatal mouse dorsal root ganglia (mDRG). Samples were pooled from three to six animals per time point and three independent determinations were carried out in duplicate on each pool. Maximum deviations fell within 20% of the reported values. Sampedro et al., 1982b; Manthorpe et al., 1983) , accumulation of trophic activity was only measured in the Gelfoam that filled the wound cavity. In the present study we measured the trophic activity in both the Gelfoam and the brain tissue that formed the walls of the wound cavity. Extracts of control tissue from the same brain region of noninjured animals (day 0 samples) and tissue of injured animals from a brain region removed from and unconnected to the injured cortex (contralatera1 frontal cortex) were also examined. The results (Fig.  1) indicate that the observed increase in neuronotrophic levels was injury-induced. Normal adult brain tissue (time zero tissue) had very low trophic activity, yet it was 10 to 40 times higher than that of 2-hr Gelfoam. After injury, the trophic activity in the tissue surrounding the wound displayed a sharp increase and rose soon after the lesion to values much higher than those observed in Gelfoam (Fig. 1, a to c) . The activity in the tissue adjacent to the wound reached a maximum, at day 10 postlesion, which was at least one order of magnitude higher than that present in noninjured tissue and several hundredfold higher than the level in 2-hr Gelfoam. Trophic activity in tissue away from the wound also increased to some extent, but its overall level remained below the maximum in Gelfoam (Fig. 1) .
The increased levels of neuronotrophic activity with time postlesion cannot be related to an increase in the protein content of the extracts. In fact, the protein content of Gelfoam samples that had remained in the wound 3 days or longer showed a large decrease with respect to earlier time samples, whereas the protein content of tissue extracts did not change significantly (Table I) .
Trophic activity accumulating in extracts of Gelfoam taken at various intervals postlesion was also measured. The Gelfoam fragment initially placed in the wound was replaced by a fresh one after the desired number of days postlesion. The new sponge was retrieved after the lapse of an appropriate interval and its activity was determined (Table II, A) . For comparison, the increments in trophic activity for the same time intervals were calculated, using the data in Figure 1 , for a Gelfoam sponge that remained in the wound cavity from day 0 to the end of the interval (Table II, B) . After the first day postlesion, the trophic activities accumulated in the Gelfoam for any given time interval were always higher in the fresh sponges placed at the beginning of the interval than in those maintained in the wound from the day of injury, with the exception of sympathetic ganglion cells in the lo-to Is-day interval (Table II) . Two possible explanations for these results are that either the replacement of the original Gelfoam Columns A: Neuronotrophic activity accumulated by Gelfoam fragments placed in the wound at the beginning of the time interval and removed at the end of it. Columns B: Neuronotrophic activity accumulated during the same interval by Gelfoam sponges that remained in the wound from day 0 to the end of the interval. These values were calculated from the data plotted in Figure 1 fragment by a fresh one triggered an increase in the secretory activity of the tissue surrounding the sponge, or the trophic factors absorbed in the gelfoam were gradually inactivated. Titration of Gelfoam extracts using chick embryo lumbar spinal cord neurons (cLC4) revealed the simultaneous presence in the wound fluid from neonatal rats of both neuronotrophic and neuronotoxic activities . Tissue extracts from both normal adult rat brain tissue and tissue adjacent to the injury site displayed even higher levels of toxicity (2 to 7 neuronotoxic units/mm3 of tissue), precluding the quantitative determination of trophic titers on spinal cord neurons.
Influence of distance from the wound on the neuronotrophic activity of brain tissue. To determine the trophic activity present at various distances from the wound in areas connected or unconnected to the lesion site, a group of animals received an ablation of about 10 mm2 of occipital/temporal cortex surface, to the depth necessary to destroy the angular bundle without damaging the adjacent hippocampus. Fifteen days postlesion neuronatrophic activity for cCG8 neurons was examined in extracts of equally thick slices of cortex collected at increasing distances from the wound in both the ipsilatera1 (posterior-anterior direction, Fig. 2 ) and contralatera1 cortex (medial-lateral with respect to the wound, Fig. 2) , and in the hippocampus (both ipsilateral and contralateral to the lesion). In the neocortical tissue ipsilateral to the lesion the trophic activity decayed rapidly at increasing distances from the wound (Fig. 2) . However, the trophic titer in the tissue taken furthest from the wound was still 2-fold higher than the basal levels in noninjured animals, suggesting that some spread of trophic activity, perhaps through the ventricular system, had taken place. The cortical tissue contralateral to the wound, that was only sparsely connected to the damaged area, also had levels of trophic activity slightly higher than the corresponding noninjured tissue controls (Fig. 2) .
The lesion used here destroyed the perforant path, (TU/mma tissue) Figure   2 . Injury-induced neuronotrophic activity as a function of the distance from the lesion site. A unilateral wound was made in the occipital/temporal cortex of four adult rats.
Neuronotrophic activity for cCG8 neurons (0) was determined 15 days later in pooled extracts of 2-mm-thick slices of cortical tissue taken at increasing distances from the injury site, both within the same cerebral hemisphere (posterior-anterior direction) and in the opposite hemisphere (locus symmetrical to the wound). Maximum deviations of duplicate determinations for each pool always fell within 10% of the values reported. Trophic titers in equivalent tissue from noninjured animals (0) are given for comparison. thus heavily deafferenting the hippocampal dentate gyrus ipsilateral to the lesion (Matthews et al., 1976) . The trophic activity in the whole ipsilateral hippocampal formation, examined in a pooled group of four animals, was 11 TU/mm3 of packed tissue. This value can be compared to 8 TU/mm3 in the lightly deafferented (Steward, 1976) contralateral hippocampus and 5 TU/mm3 for the basal hippocampal level in normal animals.
Influence of wound size on induced neuronotrophic specific activity. Two groups of rats that received unilateral ablations of either 10 mm3 or 30 mm3 of parietal cortical tissue were used to examine the influence of wound size on the level of induced trophic activity for cCG8 cells. Fifteen days postlesion the Gelfoam that filled the wound and the tissue that formed the walls of the wound cavity were analyzed for neuronotrophic activity. The smaller wound induced a lower level of trophic activity and the titers were all roughly proportional to the volume of the cavity made (Table III) .
Injury-induced trophic activity in different brain areas. Wounds of similar size (about 30 mm3) were made in the brain of adult rats in the following loci: frontal and parietal cortices (avoiding damage of the underlying corpus callosum); entorhinal cortex (damaging part of the occipital and temporal cortices); parietal cortex and underlying corpus callosum; corpus striatum; hippocampal formation; and cerebellar cortex. To obtain trophic factors from corpus callosum injuries, two Gelfoam fragments were inserted: the first, that was used for assay, was in contact with the damaged fibers; the second, not used for assay, was placed over the first, filling the ablated cortical cavity immediately above the injured fibers. After 15 days Gelfoam and the tissue adjacent and 2224 Nieto-Sampedro et al. Vol. 3, No. 11, Nov. 1983 Figure 3 . Injury-induced neuronotrophic (a) and neuronotoxic (b) activities in various adult rat brain regions. Wounds were made in several CNS areas as indicated in the text and the cavities were filled with Gelfoam. Fifteen days postlesion four animals per region were sacrificed, and trophic and toxic activities were determined in extracts of Gelfoam (El), the tissue that formed the walls of the wound cavity (H), and tissue contralateral to the wound and symmetrical to it (B). These values were compared to those from extract of similar tissue from noninjured controls (II). Neuronotrophic activity was determined using cCG8 neurons and neuronotoxic activity was measured using cLC4 neurons. All determinations were performed in duplicate on each sample pool. Maximum deviations were +15% (neuronotrophic) or &20% (neuronotoxic) of the values reported. contralateral to the wound were collected and assayed for neuronotrophic (using cCG8 neurons) and neuronotoxic activities (cLC4 neurons). Similar tissue samples from noninjured animals were used as controls (basal levels). Figure 3 summarizes the results obtained. The basal levels of neuronotrophic activity observed in neocortex were lower than those in any other brain area.
However, injury to the neocortex caused a considerable increase in trophic activity relative to that of noninjured tissue (Fig. 3a) . In contrast, the myelinated fibers of corpus callosum below the parietal cortex had relatively high basal levels of trophic activity that did not appear to increase after injury. Hippocampus, corpus striatum, and cerebellum had basal levels of activity similar to those in corpus callosum, but they increased severalfold 15 days after injury (Fig. 3~) . Neuronotrophic titers in extracts of lumbar spinal cord were two orders of magnitude higher than those in brain, both in normal animals and following lumbar cord hemisection. Work is in progress to investigate the nature of this very high trophic activity for cCG8 neurons.
Similar levels of neuronotoxic activity for cLC4 cells were present in all CNS regions examined, both before injury and 15 days postlesion (Fig. 3b) . The only exception was the myelinated tissue of corpus callosum, where an apparent injury-induced increase in neuronotoxic activity appeared to take place.
Induction of neuronotrophic activity by kainic acid lesion. The trophic activity levels present in the hippocampal formation at various times after bilateral intraventricular injection of kainic acid are given in Figure 4 . One hour after injection the trophic activity in the hippocampus was similar to that in noninjected controls. It increased in the following days to reach high values, comparable to those found after mechanical damage, that appeared to level off by 16 days postinjection (Fig. 4) .
Survival of striatal fragments implanted in adult rat cortical cavities. Fragments of rat embryo corpus striatum were implanted into cavities made in the entorhinal cortex of adult hosts either on the same day that the cavity was made or after various periods postlesion (see "Materials and Methods"). Surviving implanted tissue was identified 30 days postimplantation by its strong acetylcholinesterase (AChE)-positive reaction (Lewis and Cotman, 1982) .
A range of implant survivals was observed and the following arbitrary scale was used for its quantitative expression. Survival was graded "0" when no surviving striatal cells were observed; "+l" if only isolated cells survived; "+2" when surviving groups of AChE-positive cells occupied a volume (deduced from the examination of serial sections) up to about 0.05 mm3 (1000 to 3000 cells); and "+3" when larger volumes (some of them as large as 4 to 5 mm") of AChE-positive cells were present. For each time point, the normalized implant survival of the group represented the average of the individual scores. Therefore, maximal normalized survival was +3, the maximum grade given. An example of each of these types of implant is given in Figure 5 . AChE-positive fibers grew out of the areas occupied by surviving cells. However, +l implants did not innervate the host tissue (Fig. 5a ), whereas implants with higher scores often recreated the laminar pattern of AChE staining observed in the control hippocampus (Fig, 5, c and d) as already observed for transplants in neonatal hosts Cotman, 1982,1983) . Most surviving implants fused with the host tissue, and numerous blood capillaries coursed through them (Fig. 5e ). Blood vessels were also observed in the boundary between the tissue and the Gelfoam that filled the wound cavity and, occasionally, in the Gelfoam itself. The delay in implantation had a profound effect on the survival of the implanted tissue (Fig 6) . Nondelayed striatal implants (day 0) did not survive in entorhinal cortical cavities. In fact, in two animals striatal tissue seemed to have a detrimental effect on the host tissue adjacent to the graft because, after sacrifice, the cortical cavity appeared considerably larger than the 20 to 30 mm3 initially ablated. Delayed implantation improved graft survival, and the optimum delay for survival of embryonic corpus striatum into adult cortex was 8 days (Fig. 6) . Longer delay periods (16 to 20 days postlesion) actually decreased implant survival down to about onethird of the maximum at 8 days. The implant survival curve closely paralleled the time course of appearance of trophic activity in the tissue immediately adjacent to the cavity (Fig. 6 ).
Discussion
Neuronotrophic activity is induced by injury. In previous studies it was observed that neuronotrophic activity accumulates with time in the Gelfoam filling a wound cavity in neonatal rats (Nieto-Sampedro et al., 1982b; Manthorpe et al., 1983 ). The present work shows that the appearance of neuronotrophic factors in mammalian brain following injury was not restricted to early development. Adult brain responded to injury as developing brain, but the observed increase in trophic activity in the wound cavity (Gelfoam) occurred at a slower rate in adults than in neonates. The increase in trophic activity in the wound cavity was not due to passive absorption in the sponge-like Gelfoam of increasing amounts of trophic factors present at a constant concentration in the tissue regardless of injury. Rather, injury appeared to cause the damaged brain tissue to release highly increased levels of these factors (Fig. 1) that were not accompanied by a corresponding increase in Gelfoam protein concentration (Table I) . The fact that tissue activity preceded that in Gelfoam suggested that neuronotrophic factors were released by the cells surrounding the wound into the wound cavity where they were absorbed by the Gelfoam sponge.
Maximum trophic activity was found in the tissue immediately adjacent to the wound and it decayed steeply with distance from the injury site (Fig. 2) . These results suggest that the injury signals that trigger factor production do not travel far from the injured locus and/or that the factors themselves do not diffuse freely throughout the intercellular space. However, even tissue comparatively far away from the wound contained trophic levels higher than the noninjured basal levels (Fig. 2) . The spread of trophic factors from the injury site to the rest of the brain may have taken place by diffusion through the ventricular system, although other mechanisms, such as factor release due to deafferentation or cell death due to ischemia, cannot be excluded.
The levels of injury-induced trophic activity were roughly proportional to the size of the wound (Table III) , and maximum activity in adult tissue, for a given injury size, was observed at day 10 postlesion (Fig. 1) . The neuronal target specificity profile of the adult brain trophic factors (Fig. 1 ) was similar to that found in neonatal rat brain and in adult sciatic nerve (Lundborg et al., 1982; Longo et al., 1983) .
Each of the CNS areas examined exhibited the injury induction phenomenon regardless of whether their preinjury trophic levels were low (e.g., neocortex) or high (e.g., cerebellum) (Fig. 3) . One exception was the corpus callosum, where the basal (pre-injury) trophic level was high but injury did not increase it appreciably.
A substance or substances that caused the death of spinal cord neurons on a 24-hr culture assay was previously detected in the fluid accumulating in peripheral nerve regeneration chambers (Lundborg et al., 1982; Longo et al., 1983) and in extracts of Gelfoam filling wounds made in the brain of neonatal rats . A similar activity was also observed in adult brain and was particularly high in the tissue extracts examined (Fig. 3b) . Brain tissue from noninjured animals had high neuronotoxic titers that were not significantly altered by injury 15 days postlesion (Fig. 3b) . The chemical identity of the toxic activity is unknown. Low molecular weight peptides with growth-inhibitory properties for a wide range of non-neuronal cells are produced by glia (Kagen and Miller, 1980; Kagen et al., 1982) in cultures of embryonic spinal cord (Kagen et al., 1978) . The neuronotoxic activity described here showed target cell specificity. At the levels used here, it had no effect on ciliary ganglion neurons and was very toxic for cLC4 cells. The physiological role, if any, of this apparently noxious factor remains to be defined.
Cellular source of the injury-induced neuronotrophic actiuity. Glial activation, multiplication, and hypertrophy are reactions to injury characteristic of neural tissue. Induction of neuronotrophic activity by neural damage seems to correlate well with this gliosis. The tissue that forms the walls of a wound cavity is known to contain a proliferating astroglial cell population, and this area also had the highest neuronotrophic titers after injury (Figs. 1 to 3) . One of the most striking effects of intraventricular injection of kainic acid is the strong glial reaction in the hippocampus that starts within 1 hr of Nieto-Sampedro et al. Vol. 3, No. 11, Nov. 1983 Figure 5. Survival of embryonic rat corpus striatum implanted into wound cavities in the entorhinal cortex of adult hosts. Cavities were filled with saline-moistened Gelfoam. In the course of the same operation the animals also received a unilateral transection of the fimbria, ipsilateral to the cortical cavity, as described under "Materials and Methods." At various times after this operation, several O.l-to 2.0-mm3 fragments of H-day rat embryo corpus striatum (total tissue volume 6 to 9 mm3) were implanted into the cortical cavity immediately under the Gelfoam fragment and apposed to the dorsal surface of the hippocampus. Thirty days later the animals were perfused and implant survival, as well as reinnervation of the host, was assessed on horizontal serial sections (50 pm thick) stained for specific AChE (Naik, 1963) . Alternate sections were counterstained with cresyl violet. injection of the toxin and reaches a maximum 15 days a plateau 15 days later (Fig. 4) . Destruction of the entorlater (Nadler et al., 1980) . Neuronotrophic factor activity hinal cortex with consequent deafferentation of the iprose quickly after kainic acid injection and also reached silateral hippocampus is associated with both a strong Delay (days post-lesion) Figure 6 . Correlation between striatal implant survival dependent on the delay between cavity making and implantation (0) and appearance of neuronotrophic activity in the injured tissue during the delay (0). Adult rat hosts (four to eight animals/timepoint) received striatal implants into entorhinal cavities, as described under "Materials and Methods." Individual implant survival was scored as indicated in the text and the average survival (and SEM) for each group is represented. Neuronotrophic activity in the tissue around the wound, determined using cCG8 test neurons, was taken from Figure 1 . A similar correlation was evident for cSGl1 or mDRG test neurons (correlation not shown).
glial reaction (Lynch et al., 1975; Rose et al., 1976; Gall et al., 1979) and an increase in trophic activity (see text under "Influence of distance from the wound on neuronotrophic activity. . ." ). Although deafferented neurons or endothelial cells could conceivably be additional sources of the released neuronotrophic activity, it seems reasonable that astroglial cells could be the major contributor. Glial cells maintained in vitro are known to release neuronotrophic and neurite-promoting factors into their culture medium (Varon and Somjen, 1979; Varon and Manthorpe, 1982) . These considerations implicate glial cells as the source of the injury-induced neuronotrophic activity observed in brain, although a definitive conclusion will depend on future work and, perhaps, the availability of specific antibodies to the trophic factors.
Survival of brain implants in adult hosts: Critical variables. The technique of implantation used in this work was similar to that used in our previous work using neonatal hosts Cotman 1980, 1982; Manthorpe et al., 1983) . The survival of embryonic tissue implanted with no delay into a comparatively large cavity aspirated in the cortex of adult hosts has already been described by Kromer and Bjorklund (1980) . In our work the cavity destined to receive the implant was filled with saline-soaked Gelfoam and the implanted tissue was placed below the Gelfoam and directly apposed to the host hippocampus. Under these conditions, survival of the implant is likely to depend on the following variables: (i) adequate oxygen and nutrient supply, i.e., vascularization; (ii) absence of lethal concentrations of toxic substances; (iii) availability of appropriate concentrations of trophic substances. Graft survival was associated by Stenevi et al. (1976) with implantation adjacent to a highly vascularized surface. However, the presence of an optimum of survival for implants placed in the wound with a delay of about 8 days cannot be explained by increased vascularization. Once vascularization is established, it seems unlikely that its role in survival would decrease with time. Therefore, if angiogenesis is the only critical variable for transplant survival, the curve in Figure 6 should show an initial increase and then level off, which was not observed.
There was no evidence for changing levels of neuronotoxic activity following injury. On the other hand, the correlation of the optimal transplantation delay with the maximum in the time course of appearance of neuronotrophic activity in the tissue adjacent to the implant (Fig.  6 ) certainly implies that injury-induced trophic factors contribute to the survival of the implanted tissue. A similar correlation, albeit with a different optimal time, had been observed in neonatal rats (Nieto-Sampedro et al., 198213; Manthorpe et al., 1983) . The hypothesis advanced previously, namely, that the concentration of trophic factors both at the time of implantation and in the days immediately following implantation determine the viability of the grafts, is reinforced by the present results. For neonatal rats, the observed correlation was between implant survival and trophic activity accumulated in the Gelfoam. In the adult, the observed correlation was with activity to the injured tissue immediately adjacent to the wound. The increase in trophic activity in Gelfoam in adults showed a considerable lag with respect to their neonatal counterparts. The faster rate of appearance of trophic factors in Gelfoam in neonates may be related to the presence in newborn brain tissue of larger intercellular spaces that facilitate diffusion of factors into the wound cavity.
In all of these studies neuronotrophic activity was determined on cultured ganglionic and spinal cord neurons, the only cultures currently suitable for quantitative assay of these factors (Varon et al., 1981) . A strict correlation between the survival of implants in uiuo and induced neuronotrophic activity requires using as test neurons the same type of cells as those that are implanted in vivo, and work to this effect is now in progress.
Induction of high levels of trophic activity in the brain following injury could be a logical part of the tissue repair response. By analogy with the known effects of nerve growth factor on damaged sympathetic neurons (West and Bunge, 1977; Njd and Purves, 1978) , high levels of injury-induced central neuronotrophic factors would prevent, for example, the death of axotomized neurons and maintain cells alive until regenerative sprouting allows the neuron to obtain a more stable trophic supply. Alterations in the level of trophic factors may also have a role in pathological cell loss. The lesions caused in the rat brain by injection of kainic acid simulate the brain damage caused by humans by anoxia and epilepsy (Nadler, 1981) , and degenerative diseases such as Huntington's chorea (Fibiger, 1978) .
Grafted tissue dependence on trophic factors is likely to continue beyond the initial week postimplantation, until integration with the host allows the implant to meet independently its trophic requirements. If this is the case, then an external supply of neuronotrophic factors should enhance implant survival even when delays in implantation are too long for endogenous produc-tion to be efficient or when the implant is placed in the wound cavity with no postlesion delay. Work to examine these possibilities is actually is progress and, to a large extent, the eventual therapeutic use of neuronotrophic factors depends on the outcome of this type of experiment.
